maximize the advantages of UHPFRC, its properties and performance under these loading 23 conditions have received much attention in the last few decades. 24 Habel et al. According to previous studies, due to its high strength, UHPFRC can perform better than 34 conventional concrete material under high strain rate loadings. Moreover, similar to normal 35 strength concrete material, UHPFRC properties, such as compressive strength, tensile 36 strength, and elastic modulus, will be increased with strain rate, but dynamic increase factor 37 (DIF) values of UHPFRC at various strain rates are different to that from normal strength 38 concrete, which can be found in Millard et al. 2010 , where the dynamic increase factors of 39 tensile and shear strengths at various strain rate values, with a series of tensile and shear 40 tests on UHPFRC specimen. However, as another important parameter, toughness can represent the energy absorbing 42 ability of the material, and can be used to determine the resistance to the fracture under 43 loading condition, but investigation of toughness has received less attention in the past few 44 years, especially at high rate loading conditions. Barnett (2008) performed tests on UHPFRC 45 beam with drop hammer method, and indicated the beam toughness would change with 46 strain rate. Some other investigations have also been performed to UHPFRC specimen to 47 clarify the relationship between UHPFRC toughness and strain rate (Cotsovos, 2010, 48 Mechtcherine et al. 2011, Bragov et al. 2013 ), but the results are still inconclusive and even 49 contradictory. Therefore, it is necessary to perform a systematic investigation to UHPFRC 50 specimen, so that the evolution of UHPFRC toughness with strain rate can be better 51 understood. 52 This paper presents a systematic study to investigate toughness of UHPFRC beam containing 53 various fibre volumes at different strain rates. In the tests, drop hammer method is used, 54 that is, hammer is released at different heights to achieve various strain rate values, and 55 fibreboards are employed to attenuate the hammer load. As the load is measured at beam 56 supports, it also contain information related to beam vibration, this effect will be 57 investigated in this study by analysing frequency spectrum of measured support load, and 58 will be removed with designed filter. With processed support load and beam deflection, the 59 toughness value could be obtained and relationship between UHPFRC toughness and strain 60 rate was determined. Moreover, numerical analysis is performed in the study to obtain 61 UHPFRC toughness at wider range of strain rate. The stress-strain curve of numerical model 62 is configured to match design stress-strain relationship of UHPFRC, and performance of 63 developed models is verified by comparing force-deflection relationship with tested UHPFRC In the study, the tested UHPFRC beam is manufactured at University of Liverpool, they are 76 cast horizontally and compacted using a vibrating table. Beams are produced in batches of three 77 panels. Cube specimens are also manufactured from each batch in order to measure compressive 78 strength of the concrete and check consistency of the results between batches. After 24 hours, all 79 specimens are removed from the moulds and transferred to a hot water curing tank set at 90 °C 80 where they remain until they were 7 days old. Following this hot curing treatment, there is very 81 little further change in the compressive strength of the concrete. Optimized packing density of 82 UHPFRC beam is achieved using 10% fine silica fume with typical particle size of 100-500 , 83 and 35% ground granulated blast furnace slag (GGBS) is also employed to replace cement in 84 the concrete to increase its workability. in Figure 1 . It can be seen from figure that load cells are located on a 50mm thick steel base, 108 which is located on a 10mm layer of fibreboard. In this study, the strain rate is calculated using bending beam theory, which has been 116 adopted for the strain rate calculation in previous studies (Cotsovos, 2010, Millard et In the tests, UHPFRC beams with 2%, 6% and 6% hybrid fibre volumes are used to study the 125 strain rate effect on UHPFRC toughness. As mentioned above, various hammer release 126 heights and layers of fibreboard are used to get different strain rates. 'noisy' spurs. Therefore, before using these measured loads for the analysis, these spurs 136 should be removed from the load measurements. In this analysis, the high-pass Butterworth signal filter was designed and applied to remove 140 these noises, with cut-off frequency of 500Hz. The curt-off frequency is selected based on 141 the natural frequencies of the UHPFRC beams (which is described in section 3.2), so that 142 information from the UHPFRC beams will not be removed with the filter. Moreover, in order to better illustrate the effect of strain rate on UHPFRC toughness, the 209 strain rate and toughness (which is defined as the area below load-deflection curve) are 210 calculated from each case, and toughness-strain rate relationship can be evaluated. It can be seen from above figure that the strain rate increase trend cannot be found clearly 218 with strain rate. Moreover, it should be noted that the curve starts with the strain rate of 219 0.4 −1 , the reason is that below this value, the beam only experience small deflection, and 220 strain hardening can not be observed, thus the toughness is not included in the analysis.
221
As increase of UHPFRC specimen toughness with strain rate can not be observed with beam 222 having 2% fibre volume, the UHPFRC beam containing higher fibre volume will be employed 223 to obtain the toughness change with strain rate. and the crack is observed at/near the mid-span of specimen, which is shown in Figure 11 . 260 Moreover, the effect of fibreboard number on load-deflection curve is also investigated.
261
Two and five layers of fibreboards are used in the tests with 2m release height of drop 262 hammer to get various strain rate values. Figure 12 shows the load-deflection curves for two 263 and five layers of fibreboards cases. From above results, the increase of strain rate using reduced number of fibreboards can not 309 give higher specimen toughness, which is similar to results in UHPFRC specimen with 6% 310 fibre volume. Moreover, similar to UHPFRC beams with 6% fibre volume, all the tested 
313
In order to better illustrate the effects of fibre combination, the beam toughness-strain rate 314 curves for UHPFRC beams with 6% fibre and 6% hybrid fibre volumes are compared and 315 depicted in Figure 16 . It can be seen that the use of fibre combination in this study can 316 increase the UHPFRC specimen toughness, but this effect is not clearly. should be performed to the generated parameters, especially those controlling strain 363 hardening and softening behaviours, to better express UHPFRC properties. 364 In this study, the static test is performed to obtain the material properties for the numerical 365 modelling, from the test pressure-deflection curve of UHPFRC specimen can be obtained. (LVDT), and the pressure applied to UHPFRC specimen was measured using pressure gauges.
376
In the test, one side of the rig was pressurised with air in stages and the specimen deflection 377 was recorded at each loading step. Figure 18 shows the collected pressure-deflection curves 378 from UHPFRC specimen with different fibre volumes. It can be seen that the failure of 379 specimen cannot be controlled due to the means of loading, thus when the specimen 380 ruptured abruptly when it was tested to failure, it was not possible to obtain the data in the 381 strain-softening region for the complete pressure-deflection curve. Due to the fact that complete information about UHPFRC material properties cannot be 386 collected from the tests, the design stress-strain curve from UHPFRC with 2% fibre volume is 387 employed for the modification of generated model parameters, which is depicted in Figure   388 19, and Table 2 From section 2, it can be seen that the measured support load contain noisy spurs, and 429 high-pass filter is applied to remove these spurs. In this section, the developed model will be 430 employed to study the information in the support load, and extract natural frequencies of 431 UHPFRC to evaluate its condition after the impact load. Moreover, more spurs can be found in the support load from beam with 6% fibre volume. However, by comparing it with the natural frequencies of intact UHPFRC beam, which were 459 obtained from developed model with modal analysis and listed in Table 3 (Table 3 also releasing height. From the results, the strain rate-toughness curve can be generated, which 495 is depicted in Figure 24 . As mentioned in section 3.1, when modelling UHPFRC beam with 2% fibre volume, the 505 design stress-strain curve (shown in Figure 19 ) can be used directly, as the design curve is 506 from UHPFRC specimen with 2% fibre volume, while for UHPFRC beam with 6% fibre volume, 507 the stress-strain curve should be changed due to increase of fibre volume, not only for 508 concrete strength, but also for the shape of curve. In this study, without stress-strain curve 509 from UHPFRC specimen with 6% fibre volume, the concrete compressive and tensile 510 strengths are increased for UHPFRC beam with 6% fibre volume (listed in Table 2 the tests (shown in Figure 11 ). This indicates the effectiveness of using UHPFRC model for 546 predicting UHPFRC behaviour and crack pattern under high strain rate loads. In this paper, and the evolution of UHPFRC beam toughness with strain rate is investigated 551 using both experimental and numerical studies. UHPFRC beams with various fibre volumes 552 are employed for the analysis. In the experimental tests, various hammer release heights 553 and fibreboard layers are employed to get a set of strain rates.
554
With test data, UHPFRC beam toughness and corresponding strain rate can be obtained.
555
From the results, the increase of UHPFRC (with 2% fibre volume) toughness with strain rate 556 cannot be observed clearly.
557
With increased fibre volume in UHPFRC specimen, the toughness increase trend with strain 558 rate can be observed, and the blast resistance of UHPFRC specimen is also increased. 
